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Background. The evolutionary role of postcopulatory sexual selection in shaping male reproductive traits, including sperm
morphology, is well documented in several taxa. However, previous studies have focused almost exclusively on the influence
of sperm competition on variation among species. In this study we tested the hypothesis that intraspecific variation in sperm
morphology is driven by the level of postcopulatory sexual selection in passerine birds. Methodology/Findings. Using two
proxy measures of sperm competition level, (i) relative testes size and (ii) extrapair paternity level, we found strong evidence
that intermale variation in sperm morphology is negatively associated with the degree of postcopulatory sexual selection,
independently of phylogeny. Conclusions/Significance. Our results show that the role of postcopulatory sexual selection in
the evolution of sperm morphology extends to an intraspecific level, reducing the variation towards what might be a species-
specific ‘optimum’ sperm phenotype. This finding suggests that while postcopulatory selection is generally directional (e.g.,
favouring longer sperm) across avian species, it also acts as a stabilising evolutionary force within species under intense
selection, resulting in reduced variation in sperm morphology traits. We discuss some potential evolutionary mechanisms for
this pattern.
Citation: Calhim S, Immler S, Birkhead TR (2007) Postcopulatory Sexual Selection Is Associated with Reduced Variation in Sperm Morphology. PLoS
ONE 2(5): e413. doi:10.1371/journal.pone.0000413
INTRODUCTION
The evolutionary role of postcopulatory sexual selection in shaping
male reproductive morphology, physiology and behaviour is well
documented in several taxa [1–4]. In particular, postcopulatory
sexual selection has been shown to affect several ejaculate traits,
including sperm morphology [5,6].
Sperm are amongst the most variable cells across animal taxa
[7], and this variation can be examined at different taxonomic
levels, from phyla to species, individuals and ejaculates [8]. To
date most studies have focussed on interspecific differences in
sperm morphology [9–22], probably because variation between
species is generally assumed to be greater than within species [e.g.
23–25]. There is evidence that, as with sexual selection in general,
postcopulatory sexual selection is a directional evolutionary force,
favouring longer or more elaborate sperm in certain taxa,
including birds [e.g. 9–11,13,15,16, 21]. In contrast, the effect of
postcopulatory sexual selection on the variation in sperm
morphology between individual males is largely unknown.
Theoretical models of sperm size evolution [26–28] predict that
under diploid control (i.e. male genotype), certain sperm trait
optima might exist at given levels of sperm competition. Diploid
control models predict that under intense postcopulatory sexual
selection males are selected to produce sperm whose morphology
matches these optima, whereas males under less intense selection
are not [27]. In other words, when postcopulatory sexual selection
is relaxed, we predict greater intermale variation in sperm traits
than when postcopulatory sexual selection is intense. The few
available data are consistent with this prediction. In the hopping
mouse (Notomyx alexis) for example, intermale variation in sperm
head morphology is greater than that of the closely related species,
Pseudomys australis [29]. Across primates, Harcourt [30] provided
data suggesting that intermale variation in sperm length and
mating system were associated, but did not perform any formal
analyses. In both studies, the lowest variation in sperm mor-
phology was observed in the taxa where females are polyandrous
and/or males have relatively large testes, and therefore under
intense postcopulatory sexual selection [29,30]. Among birds,
Birkhead et al. [25,31] also suggested that the high degree of
intermale variation in sperm design in the zebra finch (Taeniopygia
guttata) and Eurasian bullfinch (Pyrrhula pyrrhula) may be the result
of relaxed postcopulatory sexual selection.
Here we test the hypothesis [25] that intermale variation in
sperm morphology is negatively associated with the level of
postcopulatory sexual selection. This study is the first to formally
test the effect of selection acting on intraspecific variation using
a phylogenetic framework. Using data for 18 species of passerine
bird, two indices of intraspecific variation in sperm morphology
(sperm length and sperm design; see Methods), and two indices of
postcopulatory sexual selection (relative testes size and extrapair
paternity level), we found clear support for this hypothesis.
RESULTS
For both indices of intraspecific variation in sperm morphology ([i]
index of variation in sperm size and [ii] index of variation in sperm
design [see Methods]) and for both estimates of the intensity of
postcopulatory sexual selection ([i] relative testes size and [ii]
percent of extrapair offspring [see Methods]), the degree of
variation decreased with postcopulatory sexual selection intensity
(Figure 1, Table 1).
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Figure 1. Negative relationships between the degree of intermale variation in sperm morphology and the level of postcopulatory sexual
selection (see Table 1). (A) Intermale variation in sperm size is negatively associated with relative testes size (p= 0.003, n=18). (B) Intermale variation
in sperm length is negatively associated with levels of extrapair paternity (p,0.001, n=11). (C) Intermale variation in sperm design is negatively
associated with relative testes size (p= 0.004, n= 18). (D) Intermale variation in sperm design is negatively associated with levels of extrapair paternity
(p=0.006, n= 11). All analyses were performed controlling for phylogeny and sample size using Generalised Least-Squares Models and transformed
variables. Relative testes sizes refer to residuals from a regression of log-transformed combined testes mass on body mass. Extrapair paternity levels
refer to percent of offspring not sired by the alpha male. See Methods for more details. Species list (n values refer to the number of individual males
sampled): 1, Ficedula hypoleuca (n=40); 2, Prunella modularis (n= 56); 3, Taeniopygia guttata (n= 51); 4, Quelea quelea (n=236); 5, Fringilla coelebs
(n=47); 6, Agelaius phoeniceus (n=38); 7, Seiurus aurocapillus (n=10); 8, Mniotilta varia (n= 10); 9, Protonotaria citrea (n= 10); 10, Geothlypis trichas
(n=10); 11, Setophaga ruticilla (n= 10); 12, Phyrrula phyrrula (n=19); 13, Carduelis flammea (n=12); 14, Acrocephalus shoenobaenus (n=15); 15,
Acrocephalus scirpaceus (n=14); 16, Sylvia atricapilla (n= 10); 17, Zosterops lateralis (n= 42); 18, Malurus cyaneus (n= 59).
doi:10.1371/journal.pone.0000413.g001
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DISCUSSION
Postcopulatory Sexual Selection: directional or
stabilising?
Most sexually selected traits are under directional selection [32].
Very few studies however, have tested whether sexual selection
affects the variance in these traits. In one such study, the degree of
variation in a precopulatory sexually selected male trait (tail
length) was found to be greater than other traits (e.g. wing and
tarsus length) in the same species [33]. A more apposite com-
parison in the same study showed that intraspecific variation in tail
length was much greater in species where tail length was under
sexual selection than in species where tail length was not [33]. This
difference is consistent with theory since sexually selected traits
such as tail length are thought to be condition-dependent [e.g. 34].
In contrast to precopulatory sexually selected traits traits, there
is almost no evidence that sperm morphology traits are influenced
by environmental factors or are condition dependent [e.g. 35, 25].
Instead, sperm morphology traits show high heritabilities
[36,37,25]. In the absence of any condition-dependence, theory
predicts that selection would act to decrease variability within
a species [e.g. 38]. We can therefore predict that postcopulatory
evolutionary pressures in the evolution of sperm morphology
which are directional across species [e.g. 11], could also constitute
a stabilizing force at an intraspecific level. In other words, intense
postcopulatory selection will act to decrease variation in sperm
morphology within a species towards what might be an ‘optimum’
morphology.
In the following section we consider three possible evolutionary
mechanisms that might favour an ‘optimum’ sperm morphology
under strong postcopulatory sexual selection, through sperm
competition [39] and/or cryptic female choice [40].
Evolutionary Mechanisms for an Optimum Sperm
Morphology
(a) Optimum Sperm Design and Sperm Competition Under
intense sperm competition, a more competitive ejaculate will always
be favoured and an optimum sperm design might be linked to
maximising sperm function (e.g. velocity, longevity). The size of two
particular sperm components, (i) the flagellum (the sperm’s ‘motor’),
and (ii) the midpiece (the sperm’s ‘powerhouse’) have been
theoretically linked with sperm function [41,42]. However, there is
still no conclusive data on the relationship between sperm function
and sperm morphology. In birds, the midpiece (and particularly
mitochondrial function within it) has been shown to be positively
linked with sperm motility [43], whereas in a mammal, midpiece size
and sperm motility were negatively related [44].
(b)OptimumSpermSize and Female Cryptic Choice From
a male’s perspective, success in postcopulatory competition depends
on achieving a balance in the theoretical trade-off between sperm size
and numbers [26–28]. However, sperm competition does not act in
isolation, and high levels of female polyandry also provide the
opportunity for cryptic female choice and for females to be selective
in the sperm they store and utilise. It is well established that in birds
sperm selection occurs in the vagina soon after insemination, with
only a few percent of inseminated sperm being retained by the female
[45,46]. There may also be selection at the level of the sperm storage
structures since the length of sperm and length of the sperm storage
structures positively covary across species [e.g. 47, 9,11]. Similar
patterns have been reported in several other taxa, and have been
interpreted as an example of male-female coevolution, possibly
mediated by sexual conflict over fertilisation [48–52]. In short, an
optimum sperm length in birds might reflect a (temporary) resolution
of the evolutionary arms-race with female sperm storage tubule
length, which is the major force behind the interspecific pattern of
positive directional selection in sperm length in birds [e.g. 9,11].
(c) Genetic Factors Two types of genetic factors may
influence variation in sperm morphology and account for the
pattern observed. First, negative genetic correlations between
different sperm components may constrain sperm design and
reduce the likelihood of achieving an ‘optimum’ design, especially
when postcopulatory sexual selection is relaxed [25]. Second, if
sperm phenotype is under diploid control (i.e. by the male
genotype), certain sperm trait optima can be predicted at different
levels of sperm competition [27]. However, under pure haploid
control (i.e. individual sperm genotype) these optima break down,
probably due to intra-ejaculate conflict [28]. Although it has not
yet been modelled, we can speculate that the competition between
males would be greater than the competition within ejaculates, if
both diploid and haploid control exist, and are in conflict.
Consequently, species under intense sperm competition would
follow the diploid control pattern, resulting in a particular sperm
trait optimum being selected. In contrast, intermale variability in
sperm phenotype could persist in species with low levels of
Table 1. Summary of the Results.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Index of Sperm Variation Index of Postcopulatory Sexual Selection Slope6s.e. t p R2
Sperm Size Relative Testes Size
Testes mass 20.3060.08 23.54 0.003 0.46
Body mass 0.1760.18 0.90 0.381
Extrapair Paternity 20.0260.01 24.89 ,0.001 0.73
Sperm Design Relative Testes Size
Testes mass 20.4660.14 23.30 0.004 0.42
Body mass 0.1360.30 0.42 0.679
Extrapair Paternity 20.0260.01 23.52 0.006 0.58
Generalised Least-squares (multiple) regression analyses controlling for phylogeny and sample size.
Index of Variation in Sperm Size = coefficient of variation (CV) in sperm total length.
Index of Variation in Sperm Design = scores of the first principal component (PC1) from a Principal Component Analysis of CVs of three independent sperm components:
head, flagellum and midpiece lengths; PC1 explained 85% of the interspecific differences in CVs.
All the relationships above were independent of: (a) phylogeny: the fitted models did not differ significantly from equivalent models where the l estimate was set as
0 (Likelihood Ratio Tests: P.0.99; see Ref. 21 and 76); and (b) sample size (GLS: sample size term, P.0.15).
All analyses conducted on transformed variables. See Methods for more details.
doi:10.1371/journal.pone.0000413.t001..
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postcopulatory selection, as the result of unresolved diploid-
haploid conflicts over the control of sperm phenotype [27,28].
Future Directions and Conclusions
While our results are consistent with the idea that sperm
competition and/or cryptic female choice account for the degree
of intermale variation in sperm morphology, the relative
importance of these two processes remains to be established. If
cryptic female choice is important, we might predict the variation
in the dimensions of female sperm storage tubules will be less in
species with high levels of female polyandry. Another prediction is
that in artificial selection experiments in which the degree of
female polyandry is increased, as in some studies of Drosophila,
variation in sperm design would decrease, whereas under reduced
polyandry the reverse would be true. Although such selection
studies have been conducted [e.g. 53], so far researchers have
focussed on mean male traits (e.g. sperm length) rather than the
variance in these traits [e.g. 54–56].
In conclusion, this is the first study to explicitly test the role of post-
copulation sexual selection as an evolutionary force acting on
intraspecific variation in sperm morphology in a comparative frame-
work. The fact that both intermale sperm size and design variability
decrease with the level of postcopulatory sexual selection suggests
that the latter is a strong stabilizing force in the evolution of avian
sperm morphology. This is consistent with theoretical predictions for
the effect of selection on variability of condition-independent traits
[38,34] and/or diploid control of sperm morphology [40–42].
Postcopulatory sexual selection therefore appears to have two types
of evolutionary effects on avian sperm morphology: (i) a directional
and positive effect on sperm size across taxa, where more
promiscuous species generally have longer sperm [e.g. 9,11]; and,
subsequently, (ii) a stabilising effect resulting in a reduction in the
variation in sperm design between males. It remains to be established
precisely which factors drive this striking pattern.
MATERIAL AND METHODS
Sperm Morphology
We investigated intraspecific variation in sperm morphology in 18
species of passerine bird. Two methods were used to obtain sperm
samples for morphometric analysis: (i) from the faeces of males in
reproductive condition [57]; (ii) from the seminal glomera of
dissected males in reproductive condition found dead or collected
under licence. Samples were fixed in 5% formalin solution. Sperm
morphometric data were obtained using digital image analysis
software (Leica IM50 Image manager) and pictures taken using
light microscopy. Five sperm per male were measured, since
previous studies have shown that, in most instances, a sample of
five sperm is representative [25,21]. The following four sperm
morphometric traits were measured (to the nearest 0.1mm): (i)
sperm total length, (ii) head length, (iii) flagellum length, and (iv)
straight midpiece length, hereafter referred to as midpiece length
[see Ref. 25 for more details]. Repeatability of measurements was
very high (several sperm traits repeatedly measured across different
species; rI range 0.90 to 0.99 [58]).
Intraspecific Variation in Sperm Morphology
To date, most studies of sperm morphology have focused on total
sperm length [6]. However, sperm morphology can also be
assessed as overall sperm design, measured as the size of the
different sperm components. We therefore used two indices of
intraspecific variation in sperm morphology: (i) an index of
variation in sperm size (log-transformed coefficient of variation,
CV, in total length), and (ii) an index of variation in sperm design.
For the latter, we conducted a Principal Component Analysis
(PCA) on the log-transformed CV estimates for three independent
measures of sperm morphology (head, flagellum and midpiece
lengths). The scores of the first principal component, which
explained 85% of the variation in the data, were used in
subsequent analysis as the index of variation in sperm design.
Head length, flagellum length and midpiece length were
considered independent measures of sperm morphology as each
can vary independently from any of the other two (pers. obs.; see
Fig. 1 in Ref. 25). In addition, sperm size comprises the combined
length of only two of the aforementioned sperm components–head
and flagellum lengths–which can also differ in relative proportion
across individuals with same total sperm length (pers. obs.; see
Fig. 1 in Ref. 25). Although none of the four sperm traits measured
was used in both indices, sperm trait sizes are intrinsically
associated. Nonetheless, the two indices are not interchangeable:
low variation in size does not preclude high variation in design, as
two males may have sperm of very similar total length but differ
markedly in the relative size of the individual sperm components
(pers. obs.; see, for example, Fig. 1 in Ref. 25). Therefore, the two
indices of variation might reflect different aspects of sperm
morphology evolution. We therefore consider these separately.
Measures of variation in themselves are strongly influenced by
differences between trait means and size of the sample [59]. Using
the coefficient of variation (CV) as a measure of variability controls
for differences in trait size across species, but controlling for
different sample sizes, and for small samples in particular, is more
difficult. Applying Haldane’s small sample correction is not
appropriate because the expected error is always greater than
the correction itself [59]. Therefore, to determine the appropriate
number of individual males to be sampled we undertook sampling
simulations using two species which represent extremes of
postcopulatory sexual selection: the zebra finch and the superb
fairy-wren (Malurus cyaneus), for low and high levels respectively
[60,61]. A mean estimate of CV in sperm total length across
repeats was calculated at each n (see Methods S1, Figure S1). The
results from these sampling simulations suggest that in order to
accurately assess variation, the minimum adequate n is 10 males,
for all but the most extreme cases. We were able to obtain data for
at least n= 30 males (the most conservative sample size, see Figure
S1) for 8 out of 18 species sampled. To further control for potential
effects of sample size differences between species, sample size was
included in every model, although this term was later removed in
all cases as it failed to have a significant effect.
Measures of Postcopulatory Sexual Selection
Relative testes size (testes size controlled for body size) and level of
extrapair paternity (EPP) are the two most widely used indices of
the intensity of sperm competition [e.g. 9,61–68]. At the present, it
is not clear which index is the most appropriate, as not all data
available for either one are reliable [69,70]. Although the two
indices are likely to be positively associated [63; but see 69], each
may be affected by factors other than postcopulatory sexual
selection. For example, relatively large testes can also be a response
to sperm depletion risk [e.g. 71] and low EPP values can be found
despite high incidence of extra-pair copulation [e.g. 72]. We
therefore used both indices in the current analysis. Data on EPP
levels, measured as the percentage of offspring not sired by the
(alpha) social male, were obtained from the literature (see
Supporting Information). Combined testes mass (CTM) and body
mass (BM) data were also obtained from published datasets (see
Supporting Information). Although there was no relationship
between logarithmically transformed CTM and BM (Linear
regression, p = 0.07), the potential confound of allometry in testes
Intraspecific Sperm Variation
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mass and body mass across the n= 18 species sampled was
controlled for by incorporating both CTM and BM as predictors
in the model. The term BM never showed a significant effect but
was retained (see Table 1).
Statistical Analysis
All the statistical and simulation analyses were conducted using R
v.2.3.1 [73]. All variables were transformed prior to analysis (arc-
sin transformation of extrapair paternity levels and natural
logarithms for all others). In order to account for non-in-
dependence of points due to shared ancestry [74,75], a generalised
least-squares (GLS) approach in a phylogenetic framework was
used [76]. The GLS methods allows the estimation of l,
a phylogenetic scaling parameter between zero (no phylogenetic
effect) and one (phylogeny completely explains the pattern), which
is then incorporated in the model (see Ref. 21, for further details
on the GSL method and phylogeny used in the current study).
SUPPORTING INFORMATION
Methods S1 Adequate Sample Size Simulations and Sources of
Data
Found at: doi:10.1371/journal.pone.0000413.s001 (0.03 MB
DOC)
Figure S1 Bootstrapped estimate of the intraspecific coefficient
of variation (CV) in sperm tota length (solid lines) against sample
size, in species under (i) low or (ii) high sperm competition. The
dashed lines correspond to the CV estimate using the complete
sample for each species. Note that the n at which the solid lines
level off is different in the two cases.
Found at: doi:10.1371/journal.pone.0000413.s002 (0.04 MB TIF)
ACKNOWLEDGMENTS
We thank S. Clegg, A. Cockburn, M. Double, H. Lampe, T. Slagsvold, M.
and A. Stander, several British Trust for Ornithology ringers and
ornithologists in Europe, Africa and North America for help with
collecting the samples. We are also grateful to R. Freckleton for statistical
advice, and to S. Sharp, B. Hatchwell, and two referees for helpful
comments on the manuscript.
Author Contributions
Conceived and designed the experiments: TB SC. Analyzed the data: SC.
Wrote the paper: TB SC. Other: Conceived and supervised the project;
collected some of the data: TB. Collected samples and sperm morpho-
metric data; advised data analyses: SI. Collected samples and sperm
morphometric data: SC.
REFERENCES
1. Smith RL (1984) Sperm competition and the evolution of animal mating
systems. Orlando: Academic Press.
2. Birkhead TR, Møller AP (1992) Sperm Competition in Birds. London:
Academic Press.
3. Birkhead TR, Møller AP, editors (1998) Sperm competition and sexual selection.
London: Academic Press.
4. Simmons LW (2001) Sperm Competition and its Evolutionary Consequences in
the Insects: Princeton University Press.
5. Birkhead TR, Pizzari T (2002) Postcopulatory sexual selection. Nature Rev Gen
3: 262–273.
6. Snook RR (2005) Sperm competition: not playing by the numbers. Trends Ecol
Evol 20: 46–53.
7. Cohen J (1977) Reproduction. London: Butterworths.
8. Birkhead TR, Immler S (2006) Making sperm: design, quality control and sperm
competition. In: Roldan ERS, Gomendio M, editors. Spermatology. SRF
Supplement 65. Nottingham: Nottingham University Press.
9. Briskie JV, Montgomerie R (1992) Sperm size and sperm competition in birds.
Proc R Soc Lond B 247: 89–95.
10. Gage MJG (1994) Associations between body size, mating pattern, testis size and
sperm lengths across butterflies. Proc R Soc Lond B 258: 247–254.
11. Briskie JV, Montgomerie R, Birkhead TR (1997) The evolution of sperm size in
birds. Evolution 51: 937–945.
12. Stockley P, Gage MJG, Parker GA, Møller AP (1997) Sperm competition in
fishes: the evolution of testis size and ejaculate characteristics. Am Nat 149:
933–954.
13. LaMunyon CW, Ward S (1999) Evolution of sperm size in nematodes: sperm
competition favours larger sperm. Proc R Soc Lond B 266: 263–267.
14. Breed WG, Taylor D (2000) Body mass, testes mass, and sperm size in murine
rodents. J Mammal 81: 758–768.
15. Morrow EH, Gage MJ (2000) The evolution of sperm length in moths.
Proc R Soc Lond B 267: 307–313.
16. Balshine S, Leach BJ, Neat F, Werner NY, Montgomerie R (2001) Sperm size of
African cichlids in relation to sperm competition. Behav Ecol 12: 726–731.
17. Anderson MJ, Dixson AF (2002) Motility and midpiece in primates. Nature 416:
496.
18. Gage MJG, Freckleton RP (2003) Relative testis size and sperm morphometry
across mammals: no evidence for an association between sperm competition and
sperm length. Proc R Soc Lond B 270: 625–632.
19. Byrne PG, Simmons LW, Roberts JD (2003) Sperm competition and the
evolution of gamete morphology in frogs. Proc R Soc Lond B 270: 2079–2086.
20. Anderson MJ, Nyholt J, Dixson AF (2005) Sperm competition and the evolution
of sperm midpiece volume in mammals. J Zool Lond 267: 135–142.
21. Immler S, Birkhead TR (2007) Sperm competition and sperm midpiece size: no
consistent pattern in passerines. Proc R Soc Lond B 274: 561–568.
22. Immler S, Moore ADM, Breed WG, Birkhead TR (2007) By hook or by crook?
Morphometry, competition and cooperation in rodent sperm. PLoS ONE 2:
e170.
23. Ward PI (1998) Intraspecific variation in sperm size characters. Heredity 80:
655–659.
24. Morrow EH, Gage MJ (2001) Consistent significant variation between individual
males in spermatozoal morphometry. J Zool Lond 254: 147–153.
25. Birkhead TR, Pellat EJ, Brekke P, Yeates R, Castillo-Juarez H (2005) Genetic
effects on sperm design in the zebra finch. Nature 434: 383–387.
26. Parker GA (1982) Why are there so many tiny sperm? Sperm competition and
the maintenance of the two sexes. J Theor Biol 96: 281–294.
27. Parker GA (1993) Sperm competition games: sperm size and sperm number
under adult control. Proc R Soc Lond B 253: 245–254.
28. Parker GA, Begon ME (1993) Sperm competition games: sperm size and
number under gametic control. Proc R Soc Lond B 253: 255–262.
29. Suttle JM, Moore ADM, Peirce EJ, Breed WG (1988) Quantitative studies on
variation in sperm head morphology of the hopping mouse, Notomys alexis. J Exp
Zool 247: 166–171.
30. Harcourt AH (1991) Sperm competition and the evolution of nonfertilizing
sperm in mammals. Evolution 45: 314–328.
31. Birkhead TR, Immler S, Pellat EJ, Freckleton RP (2006) The unusual sperm
morphology of the Eurasian bullfinch Pyrrhula pyrrhula. Auk 123: 383–392.
32. Andersson M (1994) Sexual selection. New Jersey: Princeton University Press.
33. Alatalo RV, Hoglund J, Lundberg A (1988) Patterns of variation in tail
ornament size in birds. Biol J Linn Soc 34: 363–374.
34. Rowe L, Houle D (1996) The lek paradox and the capture of genetic variance by
condition dependent traits. Proc R Soc Lond B 263: 1415–1421.
35. Beatty RA (1972) The genetics of size and shape if spermatozoan organelles. In:
Glueckson-Waelsch S, editor. The Genetics of the Spermatozoa. Edinburgh:
Edinburgh University Press. pp 97–115.
36. Beatty RA (1970) The genetics of the mammalian gamete. Biol Rev 45: 73–119.
37. Morrow EH, Gage MJ (2001) Artificial selection and heritability of sperm length
in Gryllus bimaculatus. Heredity 87: 356–362.
38. Charlesworth B (1987) The Heritability of Fitness. In: Bradbury JW,
Andersson MB, editors. Sexual Selection: Testing the Alternatives. Chinchester:
John Wiley&Sons. pp 21–40.
39. Parker GA (1970) Sperm competition and its evolutionary consequences in the
insects. Biol Rev 45: 525–567.
40. Eberhard WG (1996) Female Control: Sexual Selection by Cryptic Female
Choice. Princeton: Princeton University Press.
41. Katz DF, Drobnis EZ (1990) Analysis and interpretation of the forces generated
by spermatozoa. In: Bavister BD, Cummins J, Roldan ERS, editors. Fertilization
in mammals. Norwell: Serono Symposia. pp 125–137.
42. Cardullo RA, Baltz JM (1991) Metabolic regulation in mammalian sperm:
mitochondrial volume determines sperm length and flagellar beat frequency.
Cell Motility and Cytoskeleton 19: 180–188.
43. Froman DP, Kirby JD (2005) Sperm mobility: phenotype in roosters (Gallus
domesticus) determined by mitochondrial function. Biol Reprod 72: 562–567.
44. Malo AF, Gomendio M, Garde J, Lang-Lenton B, Soler AJ, et al. (2006) Sperm
design and sperm function. Biol Lett 2: 246–249.
Intraspecific Sperm Variation
PLoS ONE | www.plosone.org 5 May 2007 | Issue 5 | e413
45. Bakst MR, Wishart GJ, Brillard JP (1994) Oviductal sperm selection transport
and storage in poultry. Poultry Sci Rev 5: 117–143.
46. Birkhead TR, Brillard JP (2007) Reproductive isolation in birds: postcopulatory
prezygotic barriers. Trends Ecol Evol., In press.
47. Briskie JV, Montgomerie R (1993) Patterns of sperm storage in relation to sperm
competition in passerine birds. Condor 95: 442–454.
48. Dybas LK, Dybas HS (1981) Coadaptation and taxonomic differentiation of
sperm and spermathaeca in featherwing beetles. Evolution 35: 168–174.
49. Gomendio M, Roldan ERS (1993) Coevolution between male ejaculates and
female reproductive biology in eutherian mammals. Proc R Soc Lond B 252:
7–12.
50. Pesgraves DC, Baker RH, Wilkinson GS (1999) Coevolution of sperm and
female reproductive tract morphology in stalk-eyed flies. Proc R Soc Lond B
266: 1041–1047.
51. Minder AM, Hosken DJ, Ward PI (2005) Co-evolution of male and female
reproductive characters across the Scathophagidae (Diptera). J Evol Biol 18:
60–69.
52. Anderson MJ, Dixson AS, Dixson AF (2006b) Mammalian sperm and oviducts
are sexually selected: evidence for co-evolution. J Zool 270: 682–686.
53. Rice WR (1996) Sexually antagonistic male adaptation triggered by experimen-
tal arrest of female evolution. Nature 381: 232–234.
54. Pitnick S, Miller GT, Reagan J, Holland B (2001) Male’s evolutionary responses
to experimental removal of sexual selection. Proc R Soc Lond B 268:
1071–1080.
55. Hosken DJ, Ward PI (2001) Experimental evidence for testis size evolution via
sperm competition. Ecol Lett 4: 10–13.
56. Miller D, Pitnick S (2002) Sperm-female coevolution in Drosophila. Science 298:
1230–1233.
57. Immler S, Birkhead TR (2005) A non-invasive method for obtaining
spermatozoa from birds. Ibis 147: 827–830.
58. Lessells CM, Boag PT (1987) Unrepeatable repeatabilities. Auk 104: 116–121.
59. vanValen L (2005) The Statistics of Variation. In: Hallgrı´mson B, Hall BK,
editors. Variation. London: Elsevier.
60. Birkhead TR, Burke T, Zann R, Hunter FM, Krupa AP (1990) f paternity and
intrabrood parasitism in wild zebra finches Taeniopygia guttata revealed by DNA
fingerprinting. Behav Ecol Sociobiol 27: 315–324.
61. Double M, Cockburn A (2000) Pre-dawn infidelity: females control extra-pair
matings in superb fairy-wrens. Proc R Soc Lond B 267: 465–470.
62. Møller AP (1991) Sperm competition, sperm depletion, paternal care, and
relative testis size in birds. Am Nat 137: 882–906.
63. Møller AP, Briskie JV (1995) Extra-pair paternity, sperm competition and the
evolution of testis size in birds. Behav Ecol Sociobiol 36: 357–365.
64. Stutchbury BJ, Morton ES (1995) The effect of breeding synchrony on extra-pair
mating systems in songbirds. Behaviour 132: 675–690.
65. Dunn PO, Whittingham LA, Pitcher TE (2001) Mating systems, sperm
competition, and the evolution of sexual dimorphism in birds. Evolution 55:
161–175.
66. Garamszegi LZ, Eens M, Hurtrez-Bousse`s S, Møller AP (2005) Testosterone,
testes size, and mating success in birds: a comparative study. Horm Behav 47:
389–409.
67. Morrow EH, Pitcher TE, Arnqvist G (2003) No evidence that sexual selection is
an engine of speciation in birds. Ecol Lett 6: 228–234.
68. Pitcher TE, Dunn PO, Whittingham LA (2005) Sperm competition and the
evolution of testes size in birds. J Evol Biol 18: 557–567.
69. Calhim S, Birkhead TR (2007) Testes size in birds: assumptions, errors and
estimates. Behav Ecol 18: 271–275.
70. Griffith SC, Owens IPF, Thuman KA (2002) Extra-pair paternity in birds:
a review of interspecific variation and adaptive function. Molec Ecol 11:
2195–2212.
71. Cartar RV (1985) Testis size in sandpipers. Naturwissenschaften 72: 157–158.
72. Hunter FM, Burke T, Watts SE (1992) Frequent copulations as a method of
paternity assurance in the northern fulmar. Anim Behav 44: 149–156.
73. R Development Core Team (2006) R: A language and environment for
statistical computing. R Foundation for Statistical Computing, Vienna, Austria.
URL: http://www.R-project.org.
74. Felsenstein J (1985) Phylogenies and the comparative method. Am Nat 125:
1–15.
75. Harvey PH, Pagel M (1991) The comparative method in evolutionary biology.
Oxford: Oxford University Press.
76. Freckleton RP, Harvey PH, Pagel M (2002) Phylogenetic analysis and
comparative data: A test and review of evidence. Am Nat 160: 712–726.
Intraspecific Sperm Variation
PLoS ONE | www.plosone.org 6 May 2007 | Issue 5 | e413
